In this paper, a simple method to obtain a notch in the ultra-wideband (UWB) bandpass filter is presented. UWB bandpass filter is designed using ground plane aperture technique. To reject the undesired wireless local area network (WLAN) signals, a complementary single split ring resonator (CSSRR) is placed under the coupled lines of the bandpass filter. The CSSRR has flat insertion loss and good roll off rate than the conventional complementary split ring resonator (CSRR). The proposed filter offers an ultra wide bandwidth bandpass filter characteristics with a steep notch function around 5.5 GHz. Hence the interference from the devices operated in the IEEE 802.11a spectrum can be avoided properly. IE3D simulation results of the notched UWB bandpass filter is in good agreement with the measurement results. Keywords: complementary split ring resonator (CSRR), ultra wideband bandpass filter Classification: Microwave and millimeter wave devices, circuits, and systems
Introduction
The Federal Communication Commission (FCC) authorized the unlicensed use of UWB frequency spectrum (3.1-10.6 GHz) in 2002 for high data rate and short range communication. Since then, there has been a growing interest in the field of UWB communication. To fulfill the required UWB frequency range, various UWB filters have been developed in the past. But some of the frequency range (5-6 GHz) within the UWB spectrum is allocated for wireless local area network (WLAN) systems. In order to avoid the interference between the UWB frequency spectrum and the WLAN radio signals, UWB bandpass filter with notch band is desirable. Till now various UWB BPF with notch band is reported by many researchers [1, 2, 3, 4, 5] . UWB bandpass filter with narrow band notch characteristic using embedded open stub is demonstrated in [1] and [5] . In [2] , folded interdigital coupled lines are used to create rejection band at 5.6 GHz. Meander line slot etched in the active area of UWB BPF, effectively removed the IEEE 802.11a (5.15 GHz to 5.85 GHz) signals from the UWB passband [3] . Recently, metamaterial resonator has been employed to introduce wave propagation notch in the UWB bandpass filter [4] . The filters mentioned above have the disadvantage of either low performance or difficult in fabrication due to via holes. In this work, we present an UWB bandpass filter with notch function using CSSRR. Compared to conventional CSRR, it gives a sharper cutoff transition and flat insertion loss after the resonance. Hence CSSRR is utilized to introduce a sharp rejection band in the WLAN frequency range. The IE3D predicted results of the proposed notched UWB filter are verified with the experimental results.
Complementary single split ring resonator (CSSRR)
Over the past few years, a new type of artificial materials called as metamaterials have attracted the attention of many researchers. Split ring resonator (SRR) and complementary split ring resonator (CSRR) are the most widely used planar structure for exhibiting metamaterial properties. Since CSRR is etched out from the ground plane, it occupies smaller area than the SRR operating at the same frequency. When excited by an axial time varying electric field, CSRR exhibits narrow stopband near its resonance frequency due to negative permittivity. The geometry of CSSRR and CSRR is shown in Fig. 1 (a) and Fig. 1 (b) . Unlike conventional structure, CSSRR has only one split ring. This structure is designed on FR4 substrate with dielectric constant ε r = 4.4 mm and height h = 1.6 mm and placed under a 50 Ω microstrip line. The dimensions of the CSSRR are as follows: a = 11.45 mm, c = 0.5 mm and d = 0.5 mm. At resonance frequency of 2.04 GHz, the CSSRR exhibits sharp rejection band. It has been verified from a detailed parametric study, which has been reported elsewhere by the authors [6] , that the approximate close-form formula for the resonance frequency of SSRR is given by:
where v is the speed of the light in vacuum. To validate the application of CSSRR for practical design, the equivalent lumped element model of CSSRR is shown in Fig. 1 (c). CSSRR is considered as parallel RLC resonant circuit. L and C are the inductance and capacitance of the CSRR and R 1 represents the losses in the resonant circuit. The nonuniform current distribution effects on the ground plane is modeled using R 2 . The equivalent circuit parameters are easily obtained from the simulated scattering parameters with the help of the following equations [7] ,
where Y 1 and Y 2 are the parallel and series susceptance of the Π -type symmetrical two port network. Z 0 is the characteristics impedance of the microstrip line. The relation between the equivalent circuit parameters and the Π -type two port network are given by,
since the simulated scattering parameters of the CSSRR are complex, the resulting equivalent circuit parameters are also complex, from which the lumped element values of CSSRR are obtained using Eq. (5).
where f 0 and f c are attenuation pole frequency and cutoff frequency of the CSSRR respectively. The extracted lumped element values of the structure are L = 1.6624 nH, C = 3.665 pF, R 1 = 0.833 KΩ and R 2 = 1.1 KΩ at the resonant frequency 2.04 GHz. The equivalent circuit of CSSRR is simulated using Ansoft Designer SV and compared with the electromagnetic simulation. The result is shown in Fig. 1 (d) . EM simulated results are well matched with the circuit simulation. Small differences may be due to the negligence of fringe field capacitance in the model. Conventional CSRR for the same resonance frequency of CSSRR is simulated for the comparison purpose. Fig. 1 (e) illustrates the frequency response of CSRR and CSSRR. By observing the plots, we can conclude that conventional CSRR insertion loss is high and is not having flat response after resonance. Similarly the roll-off rate of return loss is also low after the resonant frequency. So the conventional CSRR performance is poor for notch function. In order to improve the performance of the conventional CSRR, it was slightly etched away from the host line and an open circuited stub was employed to compensate the increase in inductance [4] . But by using CSSRR, above the resonant frequency, we can achieve flat insertion loss in the passband and better roll-off rate without adding any additional structure.
Bandpass filter with notched band
To design the UWB bandpass filter with notch function, UWB BPF is designed first using ground plane aperture technique [8] . Due to the aperture in the ground plane, close coupling between the microstrip lines are achieved. Layout and fabricated prototype of UWB BPF are shown in Fig. 2 (a) and 2 (b). A microstrip multiple mode resonator (MMR) line is used to link the two identical parallel coupled microstrip line (PCML) sections with a backside aperture. The detailed design procedure of UWB BPF can be obtained from [8] . The width and the gap between the coupled lines of a parallel coupled microstrip line (PCML) are 0.2 mm. The length of the PCML section is .32 mm which is equivalent to the electrical length φ = 180 0 . The physical length of a multi mode resonator is equal to 12.25 mm. The length of the ground plane aperture is 6.42 mm and the height is 3.8 mm, which are optimized using EM simulation. Fig. 2 (c) shows the simulated and measured scattering parameters of UWB BPF. The filter passband is from 2.8 GHz to 10.6 GHz. The measured insertion loss of conventional UWB BPF is less than 1.5 dB in the passband. Better results can be obtained using low loss substrate. As discussed earlier, to notch out the WLAN radio signals from the desired UWB passband, stopband characteristics of a CSSRR is utilized. The CSSRR resonating at 5.5 GHz is designed and is placed underneath the parallel coupled lines. The initial dimensions of CSSRR is obtained from (1) . Since the CSSRR is etched around the ground plane aperture, resonant frequency of the CSSRR is not exactly matched with the equation (1). However the final dimensions are optimized using EM simulation. To provide the room for both the aperture and the CSSRR under the coupled lines, size of the aperture is modified. Similarly, instead of square shape CSSRR, rectangular shape CSSRR is used to obtain the proper notch out behavior. All the specifications of UWB BPF with notched band and photograph of the fabricated filter are shown in Fig. 3 (a) and Fig. 3 (b) . Fig. 3 (c) 
Conclusion
In this work, CSSRR is suggested instead of CSRR for obtaining good stopband performance. Better rejection characteristic is obtained without additional design guidelines such as addition of open stubs and placing of CSRR away from the host line. By placing the CSSRR under the coupled lines of UWB BPF, notch response is obtained in the passband of BPF. Good agreement was obtained between the simulated and the fabricated filters. The fabricated filter has UWB bandpass response with FBW of 113% at the midband frequency of 6.85 GHz and a narrow notch in the passband with 10 dB FBW, which is about 9.09% at the center frequency of 5.5 GHz. Maximum rejection level in the notch band is 32 dB. So, the proposed UWB BPF with notch function will effectively pass the UWB signals without any interference from the WLAN radio signals.
